ABSTRACT It is well known that metallic materials exhibit worse fatigue damage tolerance as they behave stronger in strength and softer in modulus. This raises concern on the long term safety of the recently developed biomechanical compatible titanium alloys with high strength and low modulus. Here we demonstrate via a model alloy, Ti-24Nb-4Zr-8Sn in weight percent, that this group of multifunctional titanium alloys possessing nonlinear elastic deformation behavior is tolerant in fatigue notch damage. The results reveal that the alloy has a high strength-to-modulus (σ/E) ratio reaching 2% but its fatigue notch sensitivity (q) is low, which decreases linearly from 0.45 to 0.25 as stress concentration factor increases from 2 to 4. This exceeds significantly the typical relationship between σ/E and q of other metallic materials exhibiting linear elasticity. Furthermore, fatigue damage is characterized by an extremely deflected mountain-shape fracture surface, resulting in much longer and more tortuous crack growth path as compared to these linear elastic materials. The above phenomena can be explained by the nonlinear elasticity and its induced stress relief at the notch root in an adaptive manner of higher stress stronger relief. This finding provides a new strategy to balance high strength and good damage tolerance property of metallic materials.
INTRODUCTION
Excellent corrosion resistance, good biocompatibility and low elastic modulus make titanium and its alloys fulfill the property requirements of biomedical field better than other competing materials such as stainless steels and CoCr alloys [1] . Although commercial pure titanium and Ti6Al-4V alloy are most used for biomedical applications, there are still two remaining problems to be solved [2, 3] . One is the potential toxicity of alloying elements, such as V ions released from Ti-6Al-4V alloy. Another is that their modulus (~110 GPa) is higher than that of bone tissues (less than 20 GPa in general). The mismatch produces the so-called stress shielding, the origin of bone resorption and implant loosening. To overcome these limitations, some β-type titanium alloys containing nontoxic elements have been developed in recent years with the advantage of lower modulus [4] [5] [6] . However, the problem of stress shielding still exists and low modulus is usually achieved at the expense of high strength.
Ti-24Nb-4Zr-8Sn (abbreviated as Ti2448 from its chemical composition in weight percent) alloy is a multifunctional β-type titanium alloy developed for biomedical applications [7, 8] . Its high strength (~850 MPa), low modulus (~42 GPa) and good biocompatibility make it suitable to produce orthopedic implants. Investigations on its biological functions have shown that these implants made of the alloy improve new bone formation in marrow cavity [9] [10] [11] . The functional alloy is strong with a strength-to-modulus ratio (σ/E) of 2% and possesses a good combination of stress-controlled high cycle and strain-controlled low cycle fatigue properties [12, 13] . Since orthopedic implants consist of different kinds of notches in order to fix with bones effectively, it is necessary to investigate the notch fatigue property of the alloy and provide a reference for its long term service.
The previous investigations have shown that there exists an inverse strength and fatigue damage tolerance relationship, i.e., higher strength causes stronger fatigue notch sensitivity [14] , faster fatigue crack growth rate [15] and worse fracture toughness [16] . Various strategies have been put forward to improve these balances. For examples, the nanoscale coherent interface via deformation twin increases strength significantly without severe loss of ductility [17] , and some toughening mechanisms including crack deflection and crack-tip shielding impede fatigue crack growth [18] . Our recent investigations showed that Ti2448 contains a nanoscale spatial modulation of Nb, which is created by the isostructural phase decomposition, and an in-situ elastically confined martensitic transformation was proposed to explain its novel nonlinear elasticity [19] . This leads to some unprecedented properties such as strong in strength, soft in modulus, ductile in toughness in combination with super-elasticity and entirely tunable thermal expansion from positive, via zero, to negative in a wide temperature range [20, 21] . The nanoscale Nb modulation can stabilize the β phase and cause a successive atomic rearrangement via the up-hill Nb diffusion [22, 23] . Though the novel nonlinear elasticity induced by the nanoscale Nb modulation has been revealed recently, its effect on fatigue notch resistance of Ti2448 alloy is unclear.
In the present study, fatigue notch behavior of Ti2448 alloy was investigated by using the notched samples at room temperature. The results show that this is a fatigue notch tolerant alloy which breaks significantly the limit of the previous-reported metallic materials. This can be explained by an adaptive mechanism induced by the nonlinear elasticity.
EXPERIMENTAL SECTION

Materials preparation
Using a Ti-Sn master alloy and pure Ti, Nb, Zr as raw materials, a Ti2448 ingot with 380 mm in diameter was fabricated by vacuum arc melting. Chemical and gas analyses showed that the ingot has a composition of 24.2Nb, 3.76Zr, 8.08Sn and 0.11O (wt.%). It was forged at 1123 K into a bar with 55 mm in diameter and then rolled at 1073 K into a bar with 12 mm in diameter. The asrolled alloy has a single β phase microstructure with an average grain size of~5 μm and sub-grain size of~0.6 μm as well as a nanoscale Nb modulation with the domain size of 2-3 nm [20, 24] . Three kinds of V-type circumferential notch specimens ( Fig. 1 ) with stress concentration factor (K t ) of 2, 3 and 4 were machined for fatigue tests [25] . For comparison on the fatigue fracture surfaces, notch samples (K t =3) of Ti-6Al-4V alloy with equiaxed microstructure and tensile strength of 1020 MPa were tested at R=0.1 as a representative of conventional metallic materials with linear elasticity.
Fatigue test
Constant stress amplitude fatigue tests were performed with Instron-8872 fatigue testing system under different stress ratio (R=−1, 0.1, 0.3) at room temperature. Since titanium alloys have good corrosion resistance in physiological environment, our previous fatigue tests of Ti2448 in 0.9% NaCl solution had little effect on its fatigue life [26] . Thus, the tests were conducted in air. Load configuration with sinusoidal waveform and frequency f= 20 Hz were used. All specimens were polished mechanically in order to reduce the surface roughness before test. Fatigue limit was determined as the maximum stress below which fatigue failure did not occur after 10 7 cycles. To confirm the accuracy, the fatigue limit was confirmed by the repeated tests of two specimens.
Fracture surface and microstructure analysis
Macro photograph and low magnification three dimensional (3D) profiles of fracture surfaces were observed by digital camera (DC) and KEYENCE VHX-2000 threedimensional optical microscopic (OM) system (Japan), respectively. Microscopic observation of fracture surfaces were conducted by a JSM-6301F field emission scanning electron microscope (SEM). Microstructure near notch roots was examined by a JEOL-2100 transmission electron microscopy (TEM, Japan) at 200 kV. TEM specimens were prepared from mechanically-thinned plates by twinjet electro-polishing in a solution of 21% per chloric acid, 50% methanol and 29% n-butyl alcohol at~250 K.
RESULTS
Notch fatigue properties
The maximum nominal stress as a function of cycle numbers to failure (S-N) curves of Ti2448 alloy with three notch configurations were measured. The results are plotted in Fig. 2 together with the previous data of . . . . . . . . . . . . . . . . . . . . . . . . SCIENCE CHINA Materials   538 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . smooth specimens [12] . They show clearly that its fatigue limit decreases as the stress concentration factor K t increases at the same stress ratio R and increases with the increased R at the same K t . Both are normal in tendency with the conventional metallic materials [27] . The S-N curves of Ti-6Al-4V alloy are given in Fig. 2d , in which the data of smooth specimens are cited from ref. [28] due to their identical microstructure and mechanical properties.
From the listed data in Table 1 , the fatigue notch sensitivity (q) can be calculated by
f t where K t is the theoretical stress concentration factor and K f is fatigue notch factor and defined as: where σ c,smooth and σ c,notch are the fatigue limit of smooth and notch specimens respectively. The factor q evaluates the notch sensitivity to fatigue and generally ranges between zero and unity. The larger value of q, the more sensitive to notch fatigue. The calculated data by Equations 1 and 2 are presented in Fig. 3 . They show that its K f increases slowly as K t increases, resulting in a decreased q under the same R. The factor q is small, below 0.5 for all the tests and only about 0.25 when K t =4, revealing that the alloy is notch insensitive to fatigue. Additionally, the factor q has a weak dependence on stress ratio, as can be indicated by the similar q at three different R in Fig. 3 .
Fatigue fracture surfaces 3D profiles of fracture surfaces for Ti2448 alloy were analyzed by depth-assembly function of OM and a typical example is given in Fig. 4a together with the corresponding lateral macroscopic image. Both demonstrate an abnormal mountain-shape fracture surface with a height of 3.1 mm, reaching 60% of the specimen root diameter of 5.0 mm. Its crack growth path obviously deviated from the nominal crack extension plane, which is perpendicular to loading direction. This is in sharp contrast with other metallic materials such as Ti-6Al-4V alloy (Fig. 4b) , which exhibits a normal straight and flat fracture surface with the maximum height only about 0.45 mm. Evident difference in the aspect of fracture surface between Ti2448 and Ti-6Al-4V indicates that fatigue crack growth experienced a much longer and more tortuous extension path for Ti2448 alloy. The abnormal macroscopic fatigue fracture behavior of Ti2448 prompts careful observation of microscopic fracture surface by SEM. Three fracture zones of Ti2448, i.e., crack initiation zone, crack growth zone and final fracture zone, can be distinguished (Fig. 5a) . A circle-shaped crack initiation zone makes it hard to identify the main crack initiation site (Fig. 5b) . Within crack growth region, typical tire-shape traces can be observed in accompany with plenty of secondary cracks (Fig. 5c ). The final fracture zone consists of many dimples with size of tens of micrometers ( Fig. 5d) , suggesting a ductile fracture mode. On the other hand, Ti-6Al-4V alloy exhibits a typical fracture surface of metallic materials (Fig. 6 ). Three fracture zones can be easily identified (Fig. 6a) . The crack initiated from a single site of specimen edge (Fig. 6b) . Fatigue striations and some secondary cracks can be observed (Fig. 6c) , with the crack propagation direction from bottom to top. Dimples can also be detected within the final fracture region (Fig. 6d) , which are merely smaller in size and shallower in depth than that observed in Ti2448. Fig. 7 shows the bright field TEM images of Ti2448 alloy before and after fatigue test, with their corresponding selected area diffraction (SAD) patterns at the top-left insets. They give a consistent conclusion with our previous study that the as hot-rolled specimen has a single β phase before fatigue test (Fig. 7a ) and stress-induced martensitic transformation from β to αʹʹ was detected near the notch root after fatigue test (Fig. 7b) [12, 13] . It should be noted that the volume fraction of αʹʹ martensite is tiny, as evidenced by the weak diffraction spots of αʹʹ (Fig. 7b) . Unexpectedly, they exhibit a diffusion controlled plate-like morphology of α phase but possess or- Figure 3 Fatigue notch factor K f and fatigue notch sensitivity q in dependence on K t of Ti2448 alloy. The data of Ti-6Al-4V alloy measured in Fig. 2d was also presented. thorhombic symmetry of αʹʹ martensite (Fig. 7b) . These are similar with the orthorhombic phase produced by the up-hill diffusion of the Nb-lean domains as the decomposition is enhanced by heat treatment [22] .
Microstructure near the notch root
DISCUSSION
Comparison of fatigue notch properties with other metallic materials
The study demonstrates that multifunctional Ti2448 alloy is strong with a high σ/E ratio being identical with amorphous materials [19] but tolerant to fatigue notch damage (Fig. 3) . The unexpected combination is presented in Fig. 8 for a comparison with other metallic materials, such as Mg alloys, Al alloys, Ti alloys and steels, under the condition of stress concentration factor of 4. It should be noted that the fatigue notch sensitivity q is variable with both K t and R. Since these selected data under R=−1 in refs. [14, 27, [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] were measured with different K t , the q under the identical condition of K t =4 (Fig. 8) has to be calculated by the Kuhn-Hardrath equation [25] :
where ρ is a material constant which can be determined by fitting these measured (q, r) data. Thus, the q is calculated by inputting the corresponding r of K t =4, which is obtained from stress concentration factor manual. The comparison on σ/E and q of several materials in Fig. 8 reveals three points. First, Ti2448 alloy is strong but tolerant to fatigue notch damage, which exceeds significantly the limit of other materials. Second, the low 
Figure 8
Comparing fatigue notch sensitivity and strength-modulus ratio of Ti2448 alloy with other metallic materials, including Mg alloys [30] , Al alloys [31] [32] [33] , Ti alloys [27, 29, [34] [35] [36] [37] [38] and steels [14, [39] [40] [41] [42] . modulus β type biomedical titanium alloys are potential for load-bearing applications to ensure long-term service safety because they are tolerant to notch, as evidenced by the decreased q of the α, (α+β) and β type alloys under the identical σ/E ratio. Lastly, titanium alloys, in particular of the (α+β) and β types, is more tolerant than steels under the identical σ/E ratio. This is in sharp contrast with the generally accepted viewpoint that titanium alloys, especially (α+β) type alloys, are more sensitive to notch [27, 40] .
Weak fatigue notch sensitivity of Ti2448 alloy
Fatigue failure lifetime consists of two parts, i.e., the crack initiation and its propagation. To reveal the origin of strength but tolerance to notch damage, both are analyzed respectively in comparison with these materials exhibiting the typical linear elasticity.
The fatigue fracture surface observations (Figs 4 and 5) show that the crack experiences a much more deflected and tortuous extension path than that of Ti-6Al-4V alloy. This is obvious to reduce the effective driving force of crack tip [43, 44] , resulting in a lower crack growth rate as compared to the straight crack. Thus the large scale nonflat crack in Fig. 4a can hinder its propagation effectively and extend the crack growth life. Since it is generally accepted that the crack growth does not contribute to a main portion of the total life in high cycle fatigue of linear elastic materials, the weak fatigue notch damage would be attributed to the resistance mechanism on fatigue crack initiation. Here we show that the nonlinear elasticity makes a significant contribution.
A mechanical constitutive model has been established to evaluate the nonlinear elastic materials (NLEM) [45] [46] [47] . As shown schematically in Fig. 9 , the simulations reveal that the nonlinear elasticity can modify the stress distribution and its concentration factor near the notch tip as compared with the linear elastic materials (LEM) [48] . The upper curves (Fig. 9a) show more smooth stress distribution in the NLEM while the below curves (Fig. 9b) demonstrate that the concentration factor decreases gradually as the applied stress increases in the NLEM but keeps constant in the LEM. The latter suggests that the actual stress concentration felt by the notch roots of NLEM is less than that calculated from the linear elasticity theory, especially in the case of high stress level. This is an adaptive damage resistant way of the higher applied stress and the stronger stress relief to ease its concentration at the root, resulting in weaker notch sensitivity and longer crack initiation lifetime.
CONCLUSIONS
This work focuses on the fatigue notch damage of Ti2448 alloy possessing a nonlinear elasticity via a comparison with the typical biomedical Ti-6Al-4V alloy exhibiting the normal linear elasticity. The main results are summarized as follows. (1) Contributing by the nonlinear elasticity, Ti2448 alloy has a good combination of high strength and strong fatigue notch resistance, which exceeds significantly the limit of other linear elastic metallic materials. ( 2) The alloy demonstrates a kind of extremely deflected and mountain-shape fracture surface, leading to a much longer and more tortuous extension path than that of Ti-6Al-4V alloy. (3) Weak fatigue notch sensitivity of this alloy may be mainly attributed to its nonlinear elasticity caused by the nanoscale Nb modulation, which ARTICLES . . . . . . . . . . . . . . . . . . . . . . . . . SCIENCE CHINA Materials   542 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
